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INTRODUCTION
The term "dual fuel" refers to a CI engine where a homogenous mixture of gaseous fuel and air is ingested, as in Otto cycle engines. The ignition source is the injection of a small quantity of diesel fuel, and the overall combustion process is similar to diesel cycle. The objective of this technique is to reduce problematic diesel engine emissions, particularly of NOx and smoke, but the drawback is that this reduction is often accompanied by an increase in emissions of CO and unburned hydrocarbons (UHC) [1] . A second benefit to using a gaseous fuel in a diesel engine is economic as the gaseous fuel can cost much less than the liquid fuel it replaces.
In light of proposed emissions legislation for non road diesel engines, this technology may be of interest. Although fixed speed generator engines are currently exempt from 97/68/EC, they will have to comply with tier III legislation from January 1 st 2007. These requirements are that for engines up to 37 kW that NOx+HC shall be reduced to 7.5 g/kWh and particulate matter shall be reduced to 0.6 g/kWh. Dual fuel presents a method of achieving these reductions without the need for traps or reduction catalysts, provided that the combustion process can be optimized.
Karim [2] , described the dual fuel combustion process as proceeding in three stages after ignition. The first stage is due to the combustion of around half of the pilot fuel and a small amount of gaseous fuel entrained within it. The second stage is due to diffusive combustion of the rest of the pilot and the rapid burning of gaseous fuel in the immediate surroundings. The third stage is due to flame propagation through the remainder of the gaseous fuel-air charge. This description of the combustion processes allows some explanation of the mechanisms of formation dual fuel exhaust emissions. For example, Karim et al. [3] found that oxides of nitrogen (NOx) formation is known to be strongly dependent on local temperatures and so most NOx would be formed in the region around the pilot spray where high temperatures exist and the equivalence ratio is close to stoichiometric.
Dual fuel engines typically use either natural gas/methane or LPG/propane as the primary fuel [4] .
The performance of different gaseous fuels as compared with each other is the subject of this present research, as they have not been directly compared in modern DI diesel engine. Hence, analysis is made of performance and emissions characteristics obtained through varying pilot quantity and gaseous fuel concentration for three different fuels; methane, propane and butane, as these factors have been identified from a review of literature [5] [6] [7] as amongst the most important parameters influencing the dual fuel combustion process.
Methane, the main constituent of natural gas (typically 94% by volume in the UK), is preferred for use in dual fuel engines [8] as it is highly knock resistant and contains almost as much energy as other fuels, whilst fuel cost savings in using natural gas offset the cost of engine conversion. It is the simplest and most stable hydrocarbon and its gaseous nature allows the use of simple control systems leading to excellent mixing with air to provide more even charge distribution and smoother heat release rates [1] . Methane has a wide flammability range, low global toxicity (as compared to diesel) and has low photochemical reactivity [9] . Most of the UHC emissions in natural gas fuelled engines are methane, and although it is chemically resistant and toxicologically inert, it is does have 12 to 30 times the greenhouse effect of carbon dioxide and so requires control.
Propane is the main constituent of LPG, and is an attractive fuel for use in dual fuel engines as it is a single, relatively simple species so engines and after treatment systems and be designed to burn it cleanly [10] . It can be stored at atmospheric pressure so there are no evaporative losses. Propane has a good volumetric energy content and road octane number of more than 100. Consequently; it is considered that the most suitable use of LPG in engines is dual fuel rather than bi fuel [11] . Although propane is normally regarded as a fast reacting fuel, it has much extended ignition delays than with methane [12, 13] , and although it tends to produce slightly higher power due to the fast burning rates, it is ultimately possible to achieve higher power outputs with the more knock resistant methane.
Butane is clean burning and a relatively simple fuel and has a greater volumetric energy content than propane alone and the emissions have a relatively low reactivity in the atmosphere [4] . Gota et al. [14] looked at the possibility of using butane in a low pollution, high efficiency dual fuel engine and found that when fuelled with butane, the engine had a higher thermal efficiency than when fuelled with propane, and much reduced quantities of diesel were needed for ignition. Almost the same output was achieved with butane as with pure diesel over a wide load range and without smoke, and dual fuel operation was satisfactory at idle with 70 percent of the total heating value being supplied by butane. The butane-diesel engine had the same specific fuel consumption and reduced NOx emissions were reduced as compared to diesel, however carbon monoxide (CO) levels were greatly increased. It was suggested that this effect was caused because butane acts as a reducing agent for NOx, but is itself oxidized to CO. Propane and butane are by products of petroleum refining, and therefore are attractive fuels from an economic viewpoint.
EXPERIMENTAL PROCEDURE

TEST FACILITY
The present study focuses on the effect of concentration and type of gaseous fuel, and quantity of diesel pilot. In order to make direct comparisons between the various fuels and operating conditions, the inlet charge temperature and injection timing were fixed. The engine used in this study was a Lister-Petter inline four cylinder direct injection diesel engine, typically used in small diesel genset applications.
Details of the engine specification are given in The engine was coupled to a Heenan-Dynamatic MkII 220kW eddy current dynamometer which controlled and measured torque and speed, with a maximum error in speed of +/-1 rpm and +/-2 Nm in torque. Intake airflow was measured using a laminar viscous flow air meter with a type 5 Cussons manometer. Inlet air depression was measured by a Druck type general purpose pressure transducer coupled to a digital readout. Various temperatures around the engine were measured via 'K type' thermocouples for inlet air; cooling water before and after the cylinder head; exhaust gas, diesel and gaseous fuels. Diesel fuel consumption was recorded using a volumetric fuel measurement system. The installation is shown schematically in figure 1.
High-speed data, comprising of cylinder pressure, fuel line pressure and crank angle were acquired using a National Instruments PCIO-MX16-E PC-BNC rack interface coupled with a BNC 2090 capture board. Cylinder pressure was measured using a Kistler type 6053B60 piezocapacitive transducer connected to a Type 5011 charge amplifier. Fuel line pressure was obtained using a Kistler 4065A piezoresistive sensor and 4617A amplifier. This data was recorded at a resolution of 0.5 degrees crank angle on the falling edge of the crank degree marker signal from an AVL optical Turner and Weaver [15] concluded that a simple central point mixing system is the most inexpensive and straight forward method of admitting a gaseous fuel to the dual fuel engine, (although the penalty will be high emissions of UHC's). To this end, a simple venturi type gas mixer valve was installed at a distance of ten pipe diameters upstream of the inlet manifold to ensure complete mixing of the air and fuel were achieved before being inducted to the combustion chamber. Gaseous fuel flow rate was controlled by a needle valve located immediately upstream of an Omega FMA 1610 mass flow meter, which also recorded line pressure and gas temperature. The details of this gas supply system are shown schematically in figure 2 . The only other modification made to the engine was the replacement of the standard injectors with reduced flow injectors in order to improve injection performance.
METHOD
The engine used in this study is typical of engines used in small diesel genset applications between 20 and 60kVA. The typical duty cycle of this type of engine is to operate for 90% of the time between 25% and 75% load. Therefore, engine performance and emissions data were obtained under steady state operating conditions at three loads corresponding to 1/4 load, 1/2 load and 3/4 load, and at 1500 rpm (synchronous speed). To ensure repeatability and consistent operating conditions, the engine was first run for approximately 10 minutes at 1500 rpm and ½ load until the cooling water temperature out of the cylinder head reached 80 ‫ס‬ C, and the exhaust gas temperature reached 250 ‫ס‬ C. Once these conditions had been achieved, the engine was brought to the required test point, and allowed to settle there before sampling of data began.
Fuels
Methane The first and last set of data to be acquired was for standard diesel No 2, (table 2) . The first data set served as a baseline to which subsequent results could be compared, and the last data set confirmed that the results were repeatable, and that the engine performance had not been impaired by the use of gaseous fuels. Selected key properties for the gaseous fuels are also presented in table 2.
HEAT RELEASE RATE ANALYSIS
In order to optimize engine performance, an understanding of the processes occurring inside the combustion chamber is essential. Heat release analysis of in-cylinder pressure data is possibly the most widely used combustion diagnostic tool, and reveals information regarding the rate processes and combustion characteristics occurring inside the engine. In itself, heat release rate is strongly related to emissions characteristics, [16] . Emissions data provides some information about the combustion process, but additional information about the time development of thermodynamic variables are also required; thus heat release rate analysis remains a powerful investigative tool.
Heat release analysis is used here to investigate the dual fuel combustion process.
The present contribution (based on [17] ), consists of three control volumes, as this is conceptually close to dual fuel combustion where diesel is injected into an unburned zone, (made of air and a gaseous fuel) and eventually a burned zone is formed. This approach was also chosen because it allows a model for fuel injection derived from actual operating conditions to be used. The assumptions made are;
• The combustion chamber consists of a diesel fuel zone, and unburned zone and a burned zone, (denoted by the subscripts f, u and b respectively).
• The diesel zone refers to the diesel pilot only. Upon injection, the diesel fuel is assumed to instantly vaporize and obey the ideal gas law.
• The unburned zone into which fuel is injected is assumed to consist of air, exhaust gas residuals and a gaseous fuel (if present), in their measured proportions.
• The burned zone appears when combustion begins. Start of combustion is first determined from the point at which the first derivative of pressure with respect to time reaches a minimum value, and then confirmed by the second derivative of pressure being zero and the third being positive [18] .
• Combustion is assumed to occur due to the entrainment of fuel and unburned gasses in stoichiometric proportion to air.
• Thermodynamic properties are assumed to vary in time, but not space. Individual species of the burned, unburned and vaporized fuel can be modeled as ideal gasses. Each zone has uniform temperature composition.
• Pressure is uniform across the combustion chamber.
The total mass in the combustion chamber consists of the mass of the trapped air, (m o ) which is air and residual exhaust gasses (m a ), and in the dual fuel case, a gaseous fuel (m g ). The charge air and gaseous fuel proportions can be estimated from measured mass flow rates, and the residual gas fraction is assigned an arbitrary value [17] (as the gas exchange process is not simulated). Residual gasses were assumed to have the composition as described by Heywood [19] . After the start of fuel injection, the mass of the cylinder also includes the mass of the fuel injected. Therefore the conservation of mass in the cylinder at any instant can be expressed as The rate at which the fuel flows from the fuel zone to the burned zone can be calculated by the difference between the mass of fuel injected at any instant (m fi ) and the current mass in the fuel zone (m f ) [17, 20] . For the dual fuel case there is the added complexity that the mass of the burned zone will also be a function of the mass of gaseous fuel that has been burned during each time step. In order to express this, it is assumed that combustion occurs at a stoichiometric air fuel ratio (AFRs) [3, 21, 22] . The AFRs has two hydrocarbon fuel components with molecular formulas of C xd H xd and C xg H g ; and the mass ratio of the two fuels is also known. The dual fuel stoichiometric fuel to air ratio is calculated as [23] , The mass of fuel burned is solved as part of the final equation set and therefore known. If the overall dual fuel AFR is maintained, then the mass of air entrained into the burned zone is given by: Conservation of mass, ideal gas law and first law of thermodynamics are applied to each zone so that at any instant, there are twelve unknowns to be solved; the three masses (m u , m f , m b ), the three volumes (V u , V f , V b ), the three temperatures (T u , T f , T b ), and the three internal energies (u u , u f , u b ) of the zones. However, the system can be reduced to two ordinary differential equations and three algebraic equations with five unknowns. The differential equations are, 
The main inputs to the model are a record of the cylinder pressure (p) against crank angle (θ), and data for diesel fuel mass flow rate, needle lift, and fuel line pressure to determine the mass flow rate and injection velocity of the fuel. Other inputs required are the inlet temperatures and mass flow rates of the gaseous fuel and air, from which initial conditions at inlet valve closure and the mass fractions of gaseous fuel and air can be calculated. The engine speed is also required.
The mixture properties in the unburned zone are calculated from inlet valve closure to start of injection, using the initial conditions, pressure data and the ideal gas law. At start of injection the fuel zone comes into existence, and during the short ignition delay period, the reference conditions are added to the fuel and unburned zone, increasing the values of temperature, heat transfer (dQ u and dQ f ) and internal energy.
The burned zone then appears at the start of combustion, and equations 5 to 9 are solved. In the case where a small pilot quantity is injected, the pilot may be completely consumed before combustion of the gaseous fuel is complete. A constraint is added here that if the mass of diesel becomes zero, the gaseous fuel will continue to burn in dual fuel mode, whereas in diesel mode, the combustion is complete and the gasses are expanded from that point. In this way, the turbulent flame propagation through the gaseous fuel zone can be implicitly included in the heat release analysis, if it is present. In order to implement this method, a record of the burned zone composition is preserved and used to calculate the new thermodynamic properties [25] .
RESULTS
RATE OF HEAT RELEASE
The outputs from the three zone model that are analyzed are the mass burning rate per crank angle interval, ignition delay, and combustion duration. The mass burning rates are plotted for the three fuels in figures 4, 5 and 6. The graphs present data only for the extreme cases of minimum (10%), propane maximum (75%) and mid (50%) energy substitution by gaseous fuel, although more substitution levels were considered in the analysis. It is worth noting that at all conditions examined here, although the three zone model analysis supports the concept of dual fuel combustion proceeding in three stages, the method tends to show the initial mass burning rates as having almost a step change between phase one and two. This is thought to be caused by the commonly applied assumption that the pilot and gaseous fuels burn in fixed proportions during the initial phase of combustion, and remains the subject of further research.
At ¾ load and gas substitution levels of 10 % (lowest pane of figure 4), the mass burning patterns are similar in shape and magnitude for the three gaseous fuels as for diesel because there are only two stages in the combustion process; premixed and diffusion. For methane and propane, the magnitude and duration of the premixed phase of combustion was increased compared with diesel due to the entrainment of the gaseous fuel in the pilot spray. As propane has higher energy content than methane, the premixed combustion phase released more energy, and the pilot reaction zone was also increased, shown by the extended duration of the propane premixed phased. The diffusion burning phase was also slightly increased for methane and propane (compared with diesel), with propane exhibiting the highest mass burning rates. For 10% butane, the magnitude and duration of the premixed peak is reduced compared with diesel, but the diffusion burning phase shows much higher mass burning rates. These results suggest that for low gas substitution levels, dual fuel combustion of methane and propane occurs though their entrainment into the pilot fuel reacting zone and that there is no flame propagation, where as some (albeit small) degree of flame propagation is evident for butane.
For gas substitution levels of 50% (mid pane of figure 4), propane and butane show evidence of two separate phases in the premixed combustion process. Initially, the mass burning rate increases sharply, then slow before increasing to a 'premixed peak'. For all three fuels, this peak occurs earlier than for diesel, as the locally rich mixtures surrounding the pilot fuel promote faster initial combustion rates and higher temperatures. Consequently, the reaction zone is widened and more gaseous fuel is then burned in the second stage of combustion. Thus the premixed peak was much higher for methane and propane than for diesel. The diffusion burning period of 50% methane is reduced compared with diesel, which would suggest that temperature and gas concentration levels were not high enough to sustain flame propagation. The diffusion burning periods for propane and butane were much higher than for diesel. Butane exhibited almost equal rates of heat release in the two phases. Figure 4 -Comparison of mass burning rates for the three fuels at ¾ load 75% gas substitution levels (top pane of figure 4) were achieved only for methane and propane as severe engine knock limited maximum butane levels to 50%. The premixed combustion phase of methane was slightly higher than for diesel, whereas for propane it was reduced. A greater mass burning rate can be observed for propane and methane compared with diesel.
The heat release rate analysis also shows that the combustion duration at first increases with the addition of gaseous fuel up to levels of 25%. It then decreases with increasing gas up to 50%, and then increases again. At ¾ load, the maximum gas substitution achieved was 50% for butane, 75% for propane and 85% for methane. (Maximum gas fuelling level was established on the basis of misfire at ¼ load, knock at ¾ load, or else when the engine fluctuations in speed and torque became too unstable for measurements to be taken.) For the ¾ load case, methane had the longest combustion durations and propane had the shortest durations.
The ignition delays were noted to be lowest for butane at all gas substitution levels, and the ignition delay was lower for butane than for diesel. Methane and propane exhibited almost the same values and trends as each other: at first, ignition delay remained the same as for diesel up to substitution levels of 25% and then ignition delay increased with increasing gas. Beyond 50% gas levels, ignition delay decreased again, but always remained higher than for diesel.
The results at ½ load for the three fuels are plotted in figure 5 . For the 10% gas case (bottom pane of figure 5 ) the mass burning rate for all three gaseous fuel follows the same pattern as for diesel and there are only two stages evident in the combustion process. Methane has a slightly increased diffusion burning period, but an almost identical premixed phase to diesel. Propane has increased mass burning rates during both phases. The 10% butane case has reduced mass burning rates towards the end of the premixed phased and throughout the diffusion burning phase, but initial mass burning occurs earlier and more fuel is consumed at beginning of combustion.
At 50% gas substitution levels (middle pane of figure 5), both methane and propane exhibit earlier and significantly larger premixed combustion phases compared with diesel, and mass burning rates are slightly higher with propane throughout. For butane, the premixed peak is significantly reduced compared with diesel, even though combustion occurs earlier, and the diffusion burning phase dominates the combustion process.
The trends at 75% gas substitution (top pane of figure 5 ) are similar to those observed at ¾ load, but less pronounced. Methane still exhibits a larger premixed phase compared with diesel, and propane and butane have much reduced premixed phases and a greater rates of diffusion mass burning compared with diesel. The behavior of propane was the same as for the ¾ load case where combustion duration increased with gas levels of up to 25%, then decreased before increasing again as gas substitution exceeded 50%. Methane exhibited the same behavior pattern as for 1/4 load where the addition of gaseous fuel up to 25% caused a decrease in combustion duration, but beyond 25% combustion duration increased. The combustion duration for butane at first increased (as for the ¾ load case), but then decreased. The longest combustion durations were recorded for butane up to substitution levels of 50%, and beyond this point, methane exhibited the longest durations. At ½ load, the maximum gas substitution levels that could be achieved were 75% for propane and butane, and 95% for methane. As for the ¾ load case, butane exhibited the shortest ignition delays which were again lower than for diesel. This time, the longest ignition delays were recorded for propane and it can be seen that as the gaseous fuel concentration is increased, so are ignition delays.
Ignition delays for methane were slightly reduced as gas concentration was increased to 25%, and then increased as methane concentration increased. Figure 6 -Comparison of mass burning rates for the three fuels at ¼ load Dual fuel combustion performance is known to be degraded at light load, which is illustrated by figure 6. As the gas substitution level is increased, the premixed phase of combustion is greatly reduced for all three fuels compared with diesel, although the diffusion burning period increases slightly. Butane shows particularly poor combustion performance at low loads with very sluggish initial mass burning rates.
Overall, combustion duration decreases with load for all cases. At ¼ load the combustion duration at first decreased with gas substitution levels of up to 25% (bottom pane of figure 6 ). Combustion duration then increased as gas concentration increased for all fuels. The shortest combustion durations were recorded for propane and beyond 25% substitution levels methane exhibited the longest combustion durations. The maximum gas substitution levels that were obtained at ¼ load were 50% for butane, and 75% for methane and propane.
Methane ignition delays initially decreased with gas substitution levels of up to 10% and thereafter increased with propane again having longer ignition. For ¼ load, butane ignition delays remained approximately constant and at the same levels as for diesel. In all cases, as load decreased, ignition delay increased as might be expected.
EMISSIONS NOX
The emissions for NOx are normalized on a concentration basis against the base line diesel case, and are plotted against gas substitution level (the amount of energy normally provided by diesel that is replaced by the gaseous fuel) in figure 7 . It can be seen that at ¼ load (top pane of figure 7) , that as the gaseous fuel concentration is increased, substantial reductions in NOx are achieved. At light load, NOx formation is strongly dependent on cylinder temperatures [26] , and the addition of small amounts of a gaseous fuel (up to a stoichiometric mixture), increases ignition delay. This is because the preignition reactions of the gaseous fuel produce intermediate species that compete for radicals with the preignition reactions of the diesel fuel. The extended delay causes the pilot fuel to become more dispersed through the cylinder, and so the delayed combustion occurs at lower temperatures, thus causing a reduction in NOx. At ¼ load, most of the energy released in the dual fuel combustion system is due to the pilot and the gaseous fuel entrained within it. As the pilot becomes smaller, less of the gaseous fuel burns in the initial higher temperature phase of combustion. It is also likely that the reduced quantity of diesel fuel experiences poor atomization and penetration, which would also reduce the size of the reaction zone.
At ¾ load, (bottom pane of figure 7 ) the addition of a gaseous fuel causes an increase in NOx emissions up to substitution levels of approximately 60%. This is because at high loads, high charge temperatures exist and the gradual reduction of the pilot quantity is mitigated by the increasing gas concentration and the net result has little effect on NOx. Beyond the 60% level, the addition of all gaseous fuels causes a large reduction in NOx. In this region, the high temperatures associated with the burning of the pilot affect less of the gaseous fuel, and most of the energy released is from the flame propagating at lower temperatures.
The trends at ½ load are more complicated, (mid pane of figure 7 ). At first, the addition of small quantities of gas cause the emissions of NOx to decrease slightly, but they then increase at 50% substitution levels before decreasing more dramatically at higher gas concentrations. This is because the addition of small quantities of the gas at first increases the ignition delay and hence lowers combustion temperatures, which would result in reduced NOx. As the concentration of gas then approaches the lean flammability region, the flame can propagate through most of the combustion chamber, and the pilot is still large enough to affect most of the charge, thus leading to higher temperatures. Eventually, the pilot size and reaction zone decrease and more of the energy release is from flame propagation. The lower temperatures combined with a richer mixture and less oxygen and nitrogen combine to reduce NOx.
It can also be seen that the emissions of NOx from propane are lower than for methane. This is because propane is much more reactive than methane and tends to produce more intermediate species during compression that impede the pre-ignition reactions of diesel. The emissions of NOx were highest for butane, which would also be expected as butane has the highest flame temperatures of the fuel, and the greatest energy content. The results also suggest that the addition of a small quantity of methane or propane has a beneficial effect in reducing NOx emissions at ¼ and ½ load. Figure 8 shows that for all three gaseous fuels, smoke was increasingly reduced by the addition of a gaseous fuel. It can be seen that, as the proportion of gaseous fuel is increased, the smoke decreases. This would be expected as gaseous fuels contain no heavy hydrocarbons. Again, the reductions with propane were higher than for methane, and smoke was virtually eliminated at ¾ load (bottom pane of figure  7 ). The emissions of smoke were recorded using an AVL smoke meter, and so it is important to note that whilst the visible smoke was clearly reduced, there was no way of recording what happened to the ultrafines.
The reductions with butane were the least impressive, and initially, for ¼ and ½ load, emissions of smoke increased with the addition of butane. This was probably due to locally very rich mixtures with the addition of small quantities of butane. 
DISCUSSION
COMBUSTION PERFORMANCE
From the results of the three zone model, it would appear that in addition to their being three stages in the dual fuel combustion process, there are also three different combustion patterns that occur. The first pattern is observed at low gas substitution levels where the combustion process closely mirrors the diesel baseline (shown by the bottom pane of figures 4, 5 and 6). At the highest gas substitution levels, the pilot fuel is purely an ignition source and the premixed phase is significantly reduced so combustion pattern is dominated by diffusion combustion and flame propagation (top panes of figures 4, 5 and 6). In between these two phases there is a region where premixed combustion and diffusion burning can make an almost equal contribution, the relative size of each zone depends on initial combustion rates (primarily a function of the pilot combustion). This transition regime is also characterized by having shorter ignition delays and shorter combustion durations, and because combustion temperatures are high, NOx emissions are also higher. The transition between the three regimes occurs at lower gas substitution levels when a more reactive gaseous fuel is used, and also occurs earlier when the reactivity of the gaseous fuel is promoted (such as at the elevated temperature and pressures occurring at higher loads).
QUANTITY OF PILOT
At light loads and hence lean mixtures, the pilot fuel quantity is the most important variable influencing engine emissions and performance. Most of the energy release is from the combustion of the pilot and entrained gaseous fuel, and there is little contribution from the rest of the charge. The larger pilot has a larger reaction zone and the volume of the charge affected by pilot combustion is increased. At higher loads where the concentration of gaseous fuel is above the lean flammability limit, or for more reactive gaseous fuels, (i.e. where flame propagation occurs), changing the pilot quantity has little effect.
When the pilot quantity is reduced, the amount of fuel prepared for burning during the ignition delay decreases, and the amount of gas entrained by the pilot decreases. At ¼ load, these two factors result in a weaker ignition source leading to sluggish combustion and a latter occurrence of peak cylinder pressure. During the increased ignition delay, the small quantity of diesel fuel may be increasingly dispersed and this further weakens the gaseous fuel-air ignition. [27] . A useful strategy to improve poor combustion at light loads is to increase the pilot quantity to improve injection characteristics leading to more stable combustion without misfire [28] .
The emissions trends of NOx correlate with the three different combustion patterns that can occur.
At conditions where the combustion pattern is similar to diesel, the NOx emissions are highest, and where the classic dual fuel combustion pattern is observed, NOx emissions are lowest. There is a tendency for NOx emissions to increase where the combustion pattern is transitional between the two cases as initial cylinder temperatures are high during the premixed phase, and remain high during diffusion burning. The influence of the initial rates of premixed heat release are most important in this transition regime -if they cause the premixed peak to be higher then NOx emissions will also be higher.
CONCENTRATION OF GASEOUS FUEL
In dual fuel engines the combustion and emissions characteristics are strongly dependent on the type and concentration of the gaseous fuel, and the gas substitution levels are particularly important at higher loads. This is because the pre-mixed charge is subjected to increasing temperatures during compression causing the pre-ignition activity to progress substantially.
Increased reaction activity raises the charge temperature, which slightly compensates for the drop in temperature that addition of a gaseous fuel tends to cause [29] . The intermediates species from these reactions such as radicals, aldehydes and CO are produced in significant amounts towards the end of compression where they directly influence the preignition processes of the pilot, and consequently all subsequent features of the combustion processes [12] .
Combustion of the pilot fuel directly contributes to the combustion of the entrained gaseous fuel, but turbulent flame propagation will not occur until the concentration of gaseous fuel is beyond a limiting value. This value is reached earlier for higher loads and more reactive gaseous fuels. Beyond this point, there is a marked At low load and higher gas substitution levels, most of the energy release comes from the pilot fuel, the entrained gaseous fuel, and gas in the immediate vicinity of the pilot. Relatively little of the energy release comes from the gaseous fuel air charge further away from the pilot as consistent flame propagation from the ignition centers does not take place [2] .
Smoke reductions are primarily a function of the gaseous fuel type and concentration; greater reduction in pilot quantity and hence heavy hydrocarbons result in lower emissions of visible smoke. Smoke was also lowest for propane at all load and substitution levels, except when the maximum methane substitution exceeds propane. This is because the combustion pattern of methane tended to follow diesel to much higher substitution levels, and the higher premixed peak lead to higher smoke. Propane always tended to have a longer diffusion burning period, and so more smoke was oxidized. Butane had the shortest diffusion period of the three gaseous fuels and also tended to have high smoke levels.
CONCLUSION
The three zone model has identified that three different combustion patterns occur as the concentration of gaseous fuel is increased. At low gas substitution levels, the combustion pattern closely follows diesel, and at high substitution levels the classic three stage dual fuel combustion process appears. In between the two regimes there is a transition region where, depending on initial rates of heat release, the premixed and diffusion periods make an equal contribution. The change from one regime to another occurs earlier when the gaseous fuel is more reactive.
NOx emissions correlate more closely to the changing combustion patterns, and smoke emissions are more a function of gaseous fuel substitution levels. Of the three gaseous fuels, propane exhibited the best emissions performance, as the combustion pattern changes more quickly from diesel to classic dual fuel, and the diffusion burning period was also the longest.
The transition region between the diesel and classic dual fuel combustion patterns offers no benefits in terms of emissions reduction.
